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Summary

This document contributes to HTR-E project WP6 (helium purification system) of the 5™ European
FWP. It is FRA-ANP contribution to deliverable D45.

The corrosion of metallic materials in impure helium environment appears to be a key factor for
the development of a direct-cycle HTR, to which collapse mechanisms and service life of
components and structures are closely related.

A review of material damages in former helium atmospheres has been performed. Due to the lack
of experimental data for current candidate metallic material in helium environments at high
temperature, and taking into account the work performed in 2002, a parametric study has been
done using thermo dynamical phase stability diagrams.

Former HTR environments have been located on these phase stability diagrams in order to
evaluate the surface reactions that can occur on the surface of a Ni-base alloy exposed to HTR
helium at high temperature and the different domains of predominance of these surface reactions.

Based on this analysis, helium impurity concentration limits to maintain in the primary circuit,
depending on the high-temperature range and with regard to the material aspects, are then
recommended.

To summarize, safe behaviour of chromia forming Ni-base alloys in HTR helium requires at least
three conditions dependent on the temperature and Cr activity in the alloy:

- Ph20/Ph2 > critical value to allow the formation of a protective oxide layer

- Pco > critical value to avoid the microclimate reaction

- Pcha/Pr2o < critical value to avoid the carburization and oxide reduction by the methane
Assuming values of surface Cr activities of about 0,3 under a protective oxide layer, order of
magnitudes of the critical values to be specified for a safe behaviour of Ni-base alloy can be
derived as follows:

- at950° C, Poy > 2. 10°%, i.e. Puyo/Pr2 > a few 10 and Peo > 150 pbar

- at1000° C, Po, > 10°?' i.e.Pyoo/Phz > a few 10 and Pgo > 450 ubar
It is noticeable that former helium compositions that are safe at relatively low temperatures
(typically < 850 °C/900 °C) may not be safe at higher temperatures. Moreover, higher the
temperature, faster the kinetics of material degradation. Thus, higher the temperature, more strict

must be the enforcement of the above helium specifications.

This imply that, for modern HTR working at very high temperatures (typically above 850 °C/900
°C), the management of the impurities of the helium cannot be based on a simple purification
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process which tends to remove all impurities from the environments without discrimination. In fact,
some form of helium impurity control is required.

The target values of controlled impurity levels have to take into account the theoretical critical
values presented above with additional safety margin to be evaluated from the variation of the
operating parameters and the long term evolution of surface composition.

This work also shows that the precise determination of the helium specification requires more
work in areas such as modelling the Cr activity of the alloys and its evolution on the alloy surfaces
with time, constraints related to the oxidation of graphite at high temperature and the possible
formation of C dust and CO; in the low temperature regions, and evaluation of the need for N,
specification.

Regarding the characterization of the behaviour of Ni-base alloys in HTR, there is a significant
lack of experimental data for high-temperature metallic material in impure helium environments.
Complementary studies are still required on those materials particularly to establish their
maximum temperature of use, including surface film evaporation at high temperature, and
possible break away leading to surface oxide spallation.

Finally, possible deleterious nitriding effects at high temperature should be evaluated as well as
the possible degradation by erosion by dusts present in the environment.
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1. Introduction

This document contributes to the deliverable D45 of the HTR-E project WP6 (helium purification
system) of the 5" European FP. It aims at recommending, for metallic materials, the safe range of
primary helium environment (impurities content) for a modern direct-cycle HTR (1).

The normal sources of contaminants that are expected in HTR helium coolant are those which
are desorbed from reactor components, refuelling operations (residual air, water), air in-leakage,
fission products that migrate from the fuel, moisture and contaminants from new helium supply.
From former HTRs (with steam generator, i.e. additional water in-leakage risk), the helium
impurities (H20, H,, CO,, CO, CH,) are expected to be in the 1-100 ubar range.

No deleterious high temperature gas corrosion effect were found in the past on metallic material
up to 750 °C (3). However at higher temperatures, impurities content with excessively high or very
low carbon activities may cause carburisation or decarburisation, respectively (see Figure 1). In
any case it is important to notice that relatively small drifts from the specified impurity content
range can produce significant deleterious effects in metallic material during operation at very high
temperature.

Unfortunately there is a lack of corrosion data in helium environments at high temperature for
current candidate metallic material. Taking into account results of the WP6 2002 work, a
parametric approach based on theoretical phase stability diagrams is used in this work. Expected
behaviour of chromia former nickel base alloys in helium environment are analysed by locating
former and current HTR environments on these diagrams.

Recommendations for helium atmosphere at high temperature with regard to the material aspects
are then proposed.

Erosion effects should also have been taken into account due to graphite particles content (dust)
which is claimed to be significant in the direct cycle concept. However no relevant data were
found on the topic in the open literature.

This document is the property of FRAMATOME ANP. It must not be reproduced, transmitted or disclosed without the prior written authorization of FRAMATOME ANP.




A

FRAMATOME AMP

HTR E WP 6 - HELIUM SPECIFICATION

PVEK DC 04 0084 ELR/
Rev: A 14/50

2. 2002 work results

A review of the literature focused on the basic mechanisms of the interaction between impure
helium and metallic materials in HTR reactors has been performed in 2002 (2). The reactivity of
the helium environments and the basic reactions involved in the interaction between Ni-base
alloys and impure helium are presented as well as their consequences on the behaviour of Ni-
base alloys.

Corrosion in helium environment is caused by the reaction of the metal with helium impurities
(H20, CO, CH,4, Hy, COy). Influent parameters are the temperature, the impurity concentration
partial pressures (in patm) and the alloy composition (chromium activity).

The main corrosion phenomena observed and their consequences are:
— Oxidation: loss of thickness (superficial) or ductility loss and cracks formation (internal)

— Carburization: non protection against oxidation (external layers) or ductility loss and
cracks formation (internal)

— Decarburization: strength loss.

All these interactions between helium impurities and alloys can be described by the stability
diagrams which link the material properties and the environmental conditions, considering that for
Ni-base alloys with high Cr and low Al, Cr is the main element governing the corrosion
phenomena (see appendix A1).

For a given temperature, good behaviour of high Cr Ni-based alloys is associated with the
formation of a chromium oxide layer and low carburization of the alloy. Higher chromium activity
increases the stability domains of oxide and carbide, but other oxidizable elements are
considered to act by modifying the chromium activity and thus eventually the stability diagrams of
the alloy.

This implies for the helium composition:

— Pco > Critical value Pco™* = f(chromium activity in material)

— PH20/Pu2 > Critical value = f(chromium activity in material)

— Pcha/Ph20o < Critical value = f(chromium activity in material)
The above critical values are based on thermo dynamical considerations for the partial pressure
of CO and the ratio Pu2o/Pr2 and, in this respect, are easily attainable. The critical ratio Pcpa/Pr2o

is based on relative kinetics of two reactions and will be very dependant on the surface conditions
and, in this respect, quite difficult to define precisely.
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3. Metallic materials and corrosion effects in HTR helium atmospheres

3.1 Preamble

The behaviour of a material in a given HTR environment is thus mainly a function of chromium
activity, and temperature. Stability diagrams are useful tools to predict it, but their use is limited
due to the unknown actual chromium activity of candidate materials (depending on the
environmental influence of other alloying elements and the possible long term evolution due to
chromium depletion of Cr and other oxidizable alloying elements near the surface).

A possible way to locate candidate materials on the diagrams is to correlate their corrosion
response for a given set of test conditions (atmosphere composition, pressure, temperature) with
the damaging features of one of the seven phase stability domains of the diagram (see appendix
A1).

Although such an approach could be a good mean to define limits of use of a particular alloy, it
requires numerous helium corrosion tests. In fact, except for some well-known material (namely
alloy 800H, alloy 617, Hastelloy X/XR), no data have been found in the open literature for other
candidate material (see below).

3.2 Candidate materials

Several metallic materials have been selected in the frame of current studies as candidate
material for direct-cycle HTR applications.

— Alloys for circuits and heat exchangers

o Alloy 800H

e Alloy 617

e Hastelloy X and XR

¢ ODS (Oxide Dispersion Strengthened) super alloys
— Steels for pressure vessel

e 9% Cr, 16MND5
— Alloys for turbine blade

e 2 DS (Directionally Solidified) grades : CM 247 LC DS et IN 792 LC DS (HTR M/M1
selection)

The first three one have been extensively studied for years in the frame of former HTR projects
and numerous data are available, in the temperature range 700-950°C (30).

— Alloy 800H is a well-characterized readily available Fe-Ni-Cr alloy that could be
used in advanced HTR application requiring intermediate temperature capability.
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— Alloy 617 has been the reference material for high temperature components in the
last German HTGR projects. It is one of the strongest wrought solid solution
hardened nickel-base alloys, which can be hot and cold worked to plate, sheet, and
tube.

— Hastelloy X is a nickel-based solid solution strengthened alloy, with creep-rupture
strengths that lie between those of Alloy 617 and Alloy 800H. Hastelloy XR is an
optimized version of Hastelloy X with low Co and Al content and improved control of
the concentration of low alloying and residual elements (Mn, Si, ...).

ODS (Oxide Dispersion Strengthened) superalloys and DS (Directionally Solidified) grades alloys
are output data from the HTR-M. ODS alloys have been developed for high temperature
components in aggressive environments. They exhibit excellent corrosion resistance as well as
high creep strength at temperature up to 1100°C. Unfortunately they have never been tested in
HTR helium atmosphere, all studies being devoted to air oxidation.

The 9% Cr (X10CrMoVNDb 9.1) and possibly 16MND5 steels are foreseeing to be used as primary
vessel material but no experimental data are available in HTR helium atmospheres.

— 9% Cr is a martensitic steel material for use at temperature up to about 500°C ;
— 16MNDS?5 is low alloyed steel used for the PWR primary vessel (T<375°C).

These materials can be oxidized at low temperature but also they can suffer some carburization
or decarburization which can become significant above ~ 500 ° C.

DS grades are output data from the HTR-M: CM 247 LC DS is an Al-oxide former and IN 792 LC
DS is a Cr-oxide former. No corrosion data found in helium atmosphere for these alloys.

3.3 Review of main helium compositions

The general knowledge concerning the HTR helium atmosphere and the related corrosion
behaviour of material arises either from the feedback of operated reactors or from the numerous
lab- and test-loop experiments performed throughout the world, especially in Germany.

The Table 1 displays various material-related helium-simulating environments found in the
literature. Note that PNP helium' is a standardized test gas defined in Germany to carry out
investigations concerning the corrosion behaviour of alloys with the same simulated HTR helium
in different laboratories.

The helium environment is expected to be a low-oxygen-potential environment with enhanced
carburization kinetics. In the impure helium atmospheres, oxygen activity is set by H,O and H,
content, carbon activity is set by CO content (thermodynamically) and by CH, content
(kinetically)®>. The oxygen partial pressure P, and the carbon activity ac are input data for the
building of phase stability diagrams described in appendix A1.

' PNP means "Prototype Plant for Nuclear Process Heat", a German HTGR project aiming at the use of
nuclear heat for the steam gasification of hard coal and steam reforming of methane coupled to the hydro
gasification of lignite.

? Effect of CH, level :
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The helium coolant in a direct-cycle gas-turbine is expected to be much drier (i.e. high ratios
H./H,0) than in the case of a steam-cycle system where continuous ingress of low levels of water
and steam is possible (i.e. low ratios H,/H,0). On the other hand, less H, content resulting from
steam circuit corrosion can also be expected, which would in fact lead to maintain similar H,/H,O
ratios in the primary circuit.

Concerning dusts, it is claimed that higher dust content in the primary circuit are anticipated due
to higher flow rate variations in a direct-cycle HTR.

In addition, specificities of helium purification system for a current direct-cycle type reactor (GT-
MHR) are given in appendix A2.

- At low CH, content, carburizing and oxidizing values are linked by the following equilibrium
existing in surface pores (consequence of the microclimate reaction — see § 3.4.4).

CO+H,->C+H,0

- At high CH, content (typically Pcps > 100 Pyoo content), ac = 1. The oxidizing value only
depends on the CO content.
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3.4 Bibliographical analysis: corrosion phenomena in HTR helium
environments and their consequences

The reactions of the gaseous impurities, H,, H,O, CO and CH, which are present in the primary
cooling helium at the surface of high temperature alloys (fabricated mainly from Ni(Fe)Cr) lead to
corrosion effects which can significantly influence the mechanical properties of the alloys (4).

The main corrosion phenomena observed are oxidation, carburization and decarburization (5),
(6), (7). The formation of a protective stable oxide layer results of the presence of water in
sufficient proportion (Py2o/Pu2> critical value) and of the balance between oxidation and
carburization reactions which are a function of both thermodynamics and kinetics factors.
Because of the rapid flow rate in the core and because of the low partial pressure of reactive
impurities, the gas can not reach its equilibrium state. The corrosion behaviour will be determined
by the kinetics of the individual gas metal reactions.

Carburization and decarburization can adversely affect long term properties such as creep and
fatigue and short term properties such as fracture toughness (4). It has however been
demonstrated that for certain alloys there are gas environments where the degree of
carburization/decarburization is small and acceptable (8).

For describing the corrosion behaviour of a Ni(Fe)Cr based high temperature alloys, chromium is
initially considered as the only oxide and carbide forming element. The phase stability diagrams
developed by Quadakkers (5), (20) and depicted in appendix A1 are used to predict this corrosion
behaviour. These representations are based on the stability diagram of chromium oxide and
chromium carbides as a function of the impurity content of helium expressed as the carbon and
oxygen activities, ac and Po..

Note that another approach given by Brenner (12), (21), (22) can be used. This approach isn't
described here.

The influence of minor additions of strong oxide formers (e.g. Al, Ti, Mn) is in most cases
restricted to the initial periods of the corrosion process. Due to the small amounts of these
elements usually present in the alloy, their concentration at the interface between surface layers
(oxide, carbide) and the alloy decreases to practically zero after long exposure times.

We are now going to describe each of the main corrosion process with the related chemical
reaction and the consequences on the mechanical properties of materials.
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3.4.1 Carburization

Carburization occurs when the carbon potential in the material is lower than in the gas. A carbon
transfer is so possible and leads to the formation of carbides. Two kinds of carbides are
commonly found: C¢Cry3 et C5Cr;. The composition and the stoichiometry of the carbides depend
of the alloy composition and the carbon solubility.

Two impurities of the helium lead to the formation of carbides: CH, and CO.

For example :
23Cr+6 CH4 <> CGCI'23+ 12 H2 (1)

CH, is not stable at a temperature upper than 800°C, so the consumption of CO is possible:

27 Cr + 6 CO <> CgCrp3 + 2 Cr05 (2)

Two forms of carburization are possible:

Formation of a superficial non protective layer of blocky carbides:

This occurs in the domains IV and V of the stability diagram (see figure A1-1 in appendix A1). In
zone |V of the diagram, this layer interferes with the oxidation process and can inhibit the
formation of a protective oxide layer (see Figure 12). This results in a porous layer which may
allow both severe oxidation (domain IV) and carbon access to the bulk material and carbide
formation when the solubility limit is reached (see below).

As shown in Figure 3, all of the 3 alloys, alloy 617, alloy 800H and Hastelloy X can develop
surface scale consisting of M- and/or Cr-rich oxides and Cr-rich carbides in the domain Vb of the
diagram (11).

The carbides formed in such a scale can become unstable due to local increases in oxygen
potential (operating conditions) or decreases in chromium activity (depletion — see above).
Additional carbon atoms generated by surface carbide dissociation become available to carburise
the metal underneath the scale, leading to enhanced carburization effects.

In-depth carburization of the alloy by carbon diffusion into the matrix:

This occurs in the domains lll, IV and V of the stability diagram. In the domains IV and V, this
internal carburization may be fast because there is no protective layer. In the domain I, it is
limited by the presence of a compact oxide layer. The kinetics of carburization, associated with a
mass gain, is often parabolic and increases with temperature. Carbide formation may be intra- or
inter-granular.

The formation of carbides is shown in Figure 4 which describes the uptake of carbon for three
kinds of alloys as a function of the temperature. This increase is linear or exponential depending
on the alloy and on the presence and efficiency of the protective oxide layer (7).
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As an example, fast carburization of alloys like alloy 800 can occur under strongly reducing
conditions (i.e. at a very low oxygen activity). If no protective oxide layer is present, the rate of the
carburization is determined by the carbon diffusion into the material (2).

Another example of microstructure affected by an intra- and inter-granular carbides formation is
given by the Figure 2. The carburized depth of Alloy 617 exposed to a 1000°C helium atmosphere
during 5000 hours is of several hundred of microns (19). Increasing the silicon content of the
alloys limits the carbon solubility and so the carbides formation, particularly when the ratio Fe/Ni
is around 0,2 (8).

The internal carburization causes an embrittlement of the alloy by altering ductility and strength of
the material (9), (11). It is illustrated by the Figure 5 which described for alloy 800H and Alloy 617
the effect of the carbon uptake on the tensile strength at ambient temperature (10).

An extreme form of carburization is called metal dusting. In this case (very low oxygen pressure
and carbon activity >1), chromium is precipitated as carbides and the iron nickel matrix (alloy 800
for example at 1000°C) is converted to a mixture of metal, graphite and oxide (2).

3.4.2 Decarburization

Decarburization results of the reaction between carbon and water, which can also disturb the
oxide formation because of gas bubble formation.

H,O + [C] <> CO + H;, (3)

This reaction (3) lowers the carbon contents of the matrix until it becomes too low and then
carbides are unstable and can be dissolved:

M,Cx>yM+xC (4)

For the chromium carbides, the global reaction is:
CeCf23 +6 Hzo —23Cr+6CO+6 Hz (5)

The Figure 6 illustrates the microstructure of alloy 617 after 2500 hours in a 950 °C helium
atmosphere.

Some very high temperature alloys take their good mechanical behaviour from solid solution
effects and carbide precipitates. These mechanical properties will drop if the decarburization
occurs. For example the creep behaviour is correlated to the decarburization as shown on the
Figure 9. The mechanical properties of alloys oxidised in helium are similar than in air. The
oxidation phenomenon is assumed to be protective for the alloys.

Globally, the decarburization phenomena induce a loss of creep resistance associated to the
dissolution of the carbides. For the Hastelloy XR in a 950°C helium with a variable composition
(He-1 to He-4), the resistance of the decarburised sample (He-3) is lower than with the carburized
(He-1 & He-2 - see Figure 10). The creep life time is also dependant on the helium composition,
higher in the domain Ill than in the domain Il and IV (see Figure 11).
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3.4.3 Oxidation

In HTR environment, most of the oxygen reacts with the graphite of the reflectors. Thus, the
partial pressure of oxygen is in the range of 107° to 10 atm (15). The oxidation potential of the
gas is given by the ratio Pyo/Pp.

This is illustrated by the following reaction:

y Me + x H,0 <> Me,Ox + x H; (6)

Concerning the chromium it gives:

% Cr + H,0 & % Cr,0; + Hy (7)

The formation of an oxide layer is the safest situation for an alloy in HTR gas environment if this
one is compact and dense. Such a layer avoids the contact between impurities and the alloy. If it
is porous or cracked, internal oxidation and carburization are possible. The formation of chromium
oxide is favourable because this oxide is stable in a wide temperature range. Chromium is also
the principal element able to form an oxide layer (with Al, Ti, Mn and Si). It can also form carbides
which can interfere with the oxide formation (7). This is illustrated by the Figure 13.

Internal oxidation results mainly of the presence of minor elements with a very high negative
values of free energy of formation of oxides (mainly Al, Si) (13). Internal oxidation occurs if the
diffusion rate of minor elements toward the outside is lower than the oxygen diffusion rate towards
the inside. Oxidation then takes place inside the matrix and may be intergranular (see Figure 3
and Figure 14).

Internal oxidation may impair the mechanical properties mainly by favouring the crack initiation on
intergranular oxides at high temperature (24).

For some alloys with a high level of aluminium (IN 713 LC for example), the depth of the internal
oxidation is around 25 pm, after 5000 hours in a 900°C helium (11).

3.4.4 The microclimate reactions

This particular reaction plays a major role for the corrosion phenomena in HTR environments. It
appears that above a given temperature for a given CO partial pressure Pco, the carbon
monoxide is more stable than the carbide and the oxide. It can be illustrated by the reaction:

2 Cry03+ Crp3Ce <> 6 CO + 27 Cr (8)
The direct reaction (8) cannot occur because it involves two solid reactants. Nevertheless, in

pores, it can result from the following partial reactions occurring in a locally confined gaseous
atmosphere.
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6 Hyp + 2 Cr,05 <> 6 H,0 + 4 Cr (9)
CrzsCe <> 6 C+23 Cr (10)
6C +6Hy0<>6CO+6H,(11)

(9)+(10)+(11) lead to (8).

The 3 reactions below also result, for another type of carbide, from the local equilibrium of
gaseous phases:

% Cr+Co % Cr,Cs (12)

COoC +% 0, (13)

2 cr+ 30, o Lcn0; (14)

(12) + (13) + (14) leads to (15)

3Cr+CO o % CaCry + % Cr,0; (15)

The microclimate reaction depends of a critical partial pressure of CO (Pco*) or a critical
temperature (Ta). If P,,< Pco* or T<Ta the microclimate reaction does not occur.

The occurrence of the phenomenon described is thus a function of the environment (temperature,
gas composition) and the alloys composition (see appendix A1). This is well described by the
Figure 20.

Under low partial pressure of CH,4, the shift between carburization and decarburization is a
function of the temperature and the water pressure. This is described by the Figure 7 (under
condition of microclimate reaction). When increasing the level of water, the carbon content on the
alloys decreases, which illustrates the decarburization phenomena.

It is also well described by the Figure 8. The inlet part of a sample is exposed to a flow of helium
containing water which is quickly consumed in such a way that the outlet part of the same sample
is exposed to helium with no more water. The consequences are clear. The inlet part is
decarburised and the outlet part is still carburised.

3.4.5 Oxidation and carburization

Oxidation and carburization can occur simultaneously. The Figure 12 illustrates the morphology of
Alloy 617 after exposition in a 900°C helium (12). On the surface the clear and external layer is
composed of carbides and the inner dark layer is the oxide. An internal oxidation is also observed
below and the formation of inter- and intra-granular carbides.

The carbon monoxide can also play the role of oxidant leading to the formation of a combined
layer made of oxide and carbide. These kinds of films are not protective against corrosion.
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The following reactions can occur:
CO + Me <> MeO + [C] (16)

6 CO +27 Cr <> 2 Cry0O3 + CeCras (17)

This phenomenon is governed by the microclimate reaction described above.

3.4.6 Nitriding

At high temperature, alloy nitriding is a risk to be considered (36). N, impurities in the helium
atmosphere can diffuse into the bulk material and could lead to modify the mechanical properties
of the surface (hardening).

3.4.7 Evaporation and spallation

For the higher temperatures (T > 950°C), a possible evaporation of the external layer can be
observed. This is the case for example for the Hastelloy X and XR (16) (see Figure 15). The
evaporation leads to the formation of whiskers on the surface such as illustrated by the Figure 16.

The spallation is also observed in the case of thermal cycling (see Figure 17) (17) or when the
layers are thick and subjected to external stresses.

3.4.8 Chromium depletion

Even in the "passive" regime (domain Il of the stability diagram), a surface chromium depletion is
observed with the development of the chromium oxide layer, resulting in a lower content of
chromium at the interface metal/oxide. This is illustrated by the Figure 18 (5). The alloy
composition evolves with the time and can be in this case more susceptible to corrosion
phenomena.
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4. Consequences for the helium impurity specifications and
management

4.1 Chromia former (high Cr) Ni-base alloys

The stability diagrams are very useful to describe the behaviour of a material considering the
composition (impurities levels) of the HTR-Helium. We can estimate, for a given temperature and
a material defined by its chromium activity ac,, whether this composition corresponds or leads to
the formation of a protective oxide layer (domain Il of the diagram).

We have build stability diagrams for the temperature of 950 °C and 1000°C from theoretical
thermodynamics value by considering several chromium activities, ac;, and we have looked at the
position of a few HTR-Helium compositions in this diagram (see the composition of former HTR-
Helium in Table 1).

At a temperature of 950°C (see Figure 21), for an alloy with ac, = 0,6, most of the HTR-Helium
compositions are in the domain lll, except for the DRAGON-Helium. But if we consider that the
oxidation causes a surface chromium depletion leading to ac; = 0,3, the PNP composition is no
more in the safety range, because its nominal CO partial pressure is lower than the critical value
P*CO-

The Figure 19 illustrates this point: the evolution with time of the main corrosion phenomena
(oxidation, decarburization, internal oxidation) in a 950°C PNP helium atmosphere is consistent
with the occurrence of the microclimate reaction that destabilizes the oxide layer, promotes
decarburization and allows intergranular oxidation, with parabolic kinetics.

At a temperature of 1000°C, higher chromium content is needed to be in the safety area. We can
notice (see Figure 22) that the KVK and the AVR composition are still in the good range of
composition to prevent the microclimate reaction and an excessive carburization for a chromium
activity of 0,6. But the microclimate reaction is likely to occur after surface chromium depletion.

These results mean that to establish the best helium composition for the future reactors, it is
necessary to consider the temperature and the material evolution in order to guarantee the safest
behaviour for long duration. It is worth noticing that helium composition guarantying a safest
behaviour at high temperature should insure larger safety margins at any lower temperature.

As an example, assuming that Cr depletion will reduce to 0,3 the surface Cr activity of a Ni-base
alloy, safe behaviour will require the following environments:

At 950° C:
— Poz in excess of a critical value of about 2.102, i.e. Py,o/Pup ratio in excess of a critical
value of about a few 10™ in order to allow the formation of a protective Cr based oxide
layer ;

— Pco in excess of a critical value of about 150 pbar to avoid the "microclimate reaction" ;

— Pcua/Pio lower than about 1072 in order to avoid carburisation and reduction of oxide
layers by the methane.
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At 1000° C:

— Po, in excess of a critical value of about 102, i.e. Py,o/Py ratio in excess of a critical
value of about a few 10 ;

— Pco in excess of a critical value of about 500 pbar.
— The critical value of the ratio Pcha/PrHoo at 1000° C is not available since it results from

the relative kinetic of two reactions and no data are available from the literature at this
temperature.

4.2 Alumina former (Low Cr — high Ti/Al) Ni-base alloys

Safe behaviour of low Cr — high Ti/Al alloys requires that the formation of a continuous protective
alumina layer is not impaired by the oxidation of Cr. Thus the environment must not be too
oxidizing, i.e. Puoo/P2 < critical value increasing with temperature.

This critical value should be close to the thermodynamic limit for Cr oxidation and thus basically
incompatible with the safe behaviour of chromia former alloys.

Consequently, simultaneous use of both types of Ni-base materials should probably require:
— use of high Cr alloys at lower temperature (higher stability of Cr oxides)
— use of low Cr-High Al/Ti Alloys at high temperature
— severe control of water partial pressure within a quite narrow range.

Thus, this situation should be avoided as long as possible.

4.3 Management of helium impurities in modern HTRs

It is important to notice that the helium specifications for chromia former Ni-base alloys would be
defined by considering that most of the impurity pressures or pressure ratios must be higher than
a critical value and this is not consistent with the current specifications for future reactors
which involve:

- impurity level expressed in vpm, which results in actual partial pressure depending on the
total helium pressure (and possible pressure variation) in the reactor ;

- highest values of CO or (CO+ CO,). For the GT-MHR specification (see annexe 2), this
maximum is of the order of 6 vpm which results in a maximum partial pressure of CO of
420 patm under 70 bars of total pressure. This does not insure that the microclimate
reaction will be always impossible. Another recommendation anticipates a CO content
lower than 2 vpm which would lead to partial pressure lower than 140 ubar (70 bars of
total pressure). This would almost necessarily allow the microclimate reaction to occur at
temperatures of 950° C.

- highest values for H, and H,O that does not give any indication on the effective Po, of the
helium.
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Since the kinetic of material degradation is thermally activated, damaging interactions between
helium impurity and Ni base alloy would be too large to be tolerated above 850/900° C as it was
possible at lower temperature.

Accordingly, the management of helium impurities in modern HTRs working above about 900 °C
cannot rely on the simple concept of helium purification which tends to decrease as far as
possible all impurity content without discrimination, but should evolve towards a helium
impurity control. The target values of controlled impurity levels have to take into account the
theoretical critical values presented above with additional safety margin to be evaluated from the
variation of the operating parameters and the long term evolution of surface composition.

For example, the effect of significant pressure variations in a direct cycle plant may require some
margin on the target value of the CO content.

Of course, all the above requirements on helium impurity control are only related to Ni-base
alloys. The final specifications have also to deal with the interaction of helium impurities with the
graphite. This may lead to upper values of Pu,0o/PH2, but the presence of significant partial
pressure of CO should not be deleterious to the graphite.
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5. Conclusion

The work performed in 2002 has summarized the main reactions that can occur on the surface of
a Ni-base alloy exposed to HTR helium at high temperature and the main effect of gas impurities
and Cr activity of the alloy on these reactions. The use of phase stability diagrams to evaluate the
surface reactions and the different domains of predominance of the surface reactions has been
presented. This shows that a safe behaviour of chromia forming Ni-base alloys in HTR helium
requires at least three conditions:

- Pu20/Ph2 > critical value to allow the formation of a protective oxide layer
- Pco > critical value to avoid the microclimate reaction
- Pcha/Pr2o < critical value to avoid the carburization and oxide reduction by the methane

All these critical values are dependent on the temperature and Cr activity. Higher the
temperature, higher the critical values of Py»0/Ph2 and Pco.

However, the determination of the phase stability diagrams requires the knowledge of the Cr
activity of the metallic alloy which is dependent both on the other alloying elements and on the
metallurgical condition of the material. In addition, the surface reaction may cause a surface
depletion of oxidizable elements which can modify the critical values of Po, and Pco required for a
safe behaviour of the high Cr Ni base alloys.

This report summarizes the behaviour of materials observed as a function of the HTR
compositions and determined the location of the main compositions of past HTR helium in
stability diagrams drawn for very high temperature. This shows that helium compositions such as
PNP that are safe at relatively low temperatures (typically < 850 °C/900 °C) may not be safe at
higher temperatures.

Assuming values of surface Cr activities of about 0,3 under a protective oxide layer, order
of magnitudes of the critical values to be specified for a safe behaviour of Ni-base alloy
can be derived as follows:

- at 950° C, Po, > 2. 1072, i.e. Puyo/Pr2 > a few 10 and Peo > ~ 150 pbar

- at 1000° C, Po, > 10°%, i.e.Pyo0/Ph > a few 10 and Pco > ~500 pbar

In addition, higher the temperature, faster the kinetics of material degradation. Thus, higher the
temperature, more strict must be the enforcement of the above helium specifications. Thus, for
modern HTRs working at very high temperatures (typically above 850/900° C), the management
of the impurities of the helium cannot be based on a simple purification process which tends to
remove all impurities form the environments without discrimination. Some form of impurity control
is rather required.

This review also shows that the precise determination of the helium specification requires more
work particularly in the following areas:

- modelling the Cr activity of the alloys and its evolution on the alloy surfaces with time in
the HTR environment,
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- constraints related to the oxidation of graphite at high temperature and the possible
formation of C dust and CO; in the low temperature regions,

- evaluation of the need for N, specification.
Regarding the characterization of the behaviour of Ni-base alloys in HTRs there is also significant

lacks of knowledge:

- Consistent set of experimental data are available only for a few material, mainly alloy 800 at
moderate temperature and alloy 617 (and to some extent Hastelloy X) up to 950/1000 °C, but
possible new materials will need a complete characterization.

- Complementary studies are still required on the above materials particularly to establish their
maximum temperature of use. This includes :

» surface film evaporation at high temperature,
» possible break away leading to oxide spallation on the HT materials.
- Possible deleterious nitriding effects at high temperature should be evaluated.

- Finally, the possible degradation by erosion by dust present in the environment should be
considered.
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Figure 1

High temperature gas corrosion effects (T > 750 °C) on metallic
materials: Comparison of scale depths and internal oxidation as well as
carbon free zone and carbon pick up in exposed IHX tube (HTMP

program)
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Figure 2

Intra- and inter-granular carbides formation in Alloy 617 exposed
during 5000 hours in a 1000 °C helium (H,O: 0,1 pbar; H,: 500 pbar ;
CO: 1,5 pybar ; CHy: 2 pbar) (from (19))
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Figure 3

Oxide-carbide duplex scale formed on metal surfaces exposed for
3000 h in a 950°C helium (H,O < 0,5 pbar; H,: 500 pybar ; CO: 50 pbar ;
CH,: 50 pbar) (from (11))
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Figure 4

Evolution of the carbon content for three kinds of alloys as a function
of the temperature (from (8))
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Figure 5

Tensile tests with carburised Alloy 800H and Alloy 617 samples:
evolution at ambient temperature of the elastic limit and the rupture
elongation with the carbon content (from (10))
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Figure 6

Microstructure of the Alloy 617 after 2500 hours in a 950 °C helium
atmosphere (H,O: 1 pbar ; Hy: 500 pbar ; CO: 5 pbar ; CHy4: 5 pbar) (from
(19))

Figure 7

Effect of the water content in a 900°C PNP helium atmosphere on the
carburization/decarburization of Hastelloy X for 3000-hour duration
(from (7))
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Figure 8

Effect of the water depletion in a flow of helium on the surface reaction
for Hastelloy in a 1000°C Helium during 3000 hours.

Due to the consumption of water, the type of damages change from the

inlet to the outlet parts (from (7)).
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Figure 9

Creep curves of alloy 800H at 800°C in different atmospheres (from(33))
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Figure 10

Creep test for Hastelloy XR at 950°C in different Helium compositions
(from (34))
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He-4: H,: 500 pbar, H,O: 0,05 pbar, CO: 3 pbar, CHy4: 5 pbar
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Figure 11

Creep life time for Hastelloy XR at 950°C in different Helium
compositions (from (34))
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Figure 12

Microstructure of Alloy 617 after exposition in a 900 °C helium
atmosphere (H,O: 0,3 pbar ; H,: 500 pbar ; CO: 40 pybar ; CH,: 5 pbar) :
oxidation and carburization (from (12))
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Figure 13

Development of a protective oxide scale on NIMONIC 86 exposed at
900°C in PNP standard test atmosphere (from (7))
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Figure 14

The development of an oxide scale and internal oxidation on two heats
of Alloy 617 in a 900°C PNP helium atmosphere (from (14))
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Figure 15

Evolution of chromium and manganese depletions by an evaporation
phenomenon for Hastelloy X and XR after 1000 hours in helium at
different temperatures (from (16))
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Figure 16

Whiskers due to evaporation phenomenon on the Hastelloy X
at high temperatures: 1000°C and 1050°C (from (16))
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Figure 17

Spallation evolution as a function of duration for Hastelloy X and XR in
a 1000°C helium atmosphere (from (16))
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Figure 18

Chromium profile evolution with time of exposure in a 950°C helium
atmosphere (H,: 500ubar ; H,O: 1,5 pbar ; CO: 100 pbar ; CH4: 10 pbar)
(from(37))

— calculated
O measured

|
40 80 120

160

distance from surface scale/um

This document is the property of FRAMATOME ANP. It must not be reproduced, transmitted or disclosed without the prior written authorization of FRAMATOME ANP.




PVEK DC 04 0084 ELR/

ﬁi HTR E WP 6 - HELIUM SPECIFICATION
Rev: A 46/50

FRAMATOME AMP

Figure 19

Alloy 617 in a 950°C PNP helium atmosphere: thickness evolution of
the oxide scale and the internal oxidation depth, of the depth of carbide
free zone and carbon pick up (from (38))
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Evolution of the microclimate CO critical pressure Pco*as a function of
the temperature for 5 high temperature alloys (from(37))
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Figure 21

Calculated stability diagram of chromium at 950°C. Effect of the
chromium activity and location of former HTR helium atmospheres
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Figure 22

Calculated stability diagram of chromium at 1000°C. Effect of the
chromium activity and location of former HTR helium atmospheres
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This document is the property of FRAMATOME ANP. It must not be reproduced, transmitted or disclosed without the prior written authorization of FRAMATOME ANP.




A

FRAMATOME AMP

HTR E WP 6 - HELIUM SPECIFICATION

PVEK DC 04 0084 ELR/

Rev: A

50/50

Table 1

Former helium environments

HTR facility Helium composition (ubar)

H, H,O CcO CO, CH, N, Ref.
Peach Bottom 200 1 11 1 22 15 (10)
Dragon 10 1 8 0,5 1 12 (10)
AVR 500 1 2000 5 2 - (10)
PNP %00 | 4541 | 1545 20+5 | <° ®)

50
THTR 135 1 2 50 40 (23)
HHT 50 5 5 50 5 5 (14)
KVK 200 6 240 300 (24)
HTGR-SC 200 10 1 20 20 15 (25)
HTR-GT 500 1 1 51 51 15 (25)
Jaeri typeB 200 1 2 100 5 5 (26)
Erans n°2 300 3 1 20 20 5 (26)
CIIR 500 1 35 40 (33)
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Appendix 1

Stability diagrams and behaviour of Ni-Cr alloys
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The behaviour of Ni-Cr alloys in HTR helium is primarily controlled by the Cr compounds which
are stable in the relevant conditions, as they will determine the possible surface reactions leading
to:

— metallic chromium, at low ac and Pq;, levels,
— chromium oxide at high P, levels and
— chromium carbides at high ac levels.

The domains of stability of these species are depicted on the phase stability diagram in figure A1-
1.

In fact, the stability diagram is more complex since several chromium carbides may be stable.
However, in the following discussion only one chromium carbide will be considered.

Seven different domains combining the different possibilities regarding the phase stability and the
possible surface reactions have to be considered as regard the corrosion behaviour of Ni-Cr
materials. The phase diagram in figure A1-1 shows these regions and summarises the
corresponding behaviour of the Ni-Cr materials:

- In the region lll-a, chromium oxide is stable (P, > PSZ). Thus, the formation of a protective
layer on the alloy is possible. In addition, the carbon activity is in excess of the critical value

for the formation of carbides (ag> ag). Thus, chromium carbides can be formed below the

oxide, where the oxygen activity is low enough. Thus, both alloy oxidation and carburisation
are possible, but, in many instances, the oxide film can limit the carburisation by limiting the
access of carburising species to the metal surface. Provided that the oxide film is protective,
this region of the diagram is a safe region regarding the material degradation, with light
formation of carbides below the oxide layer.

In the region lll-b, chromium oxide is still stable but the carbon activity is too low for the
chromium carbide to be stable. However, provided the pores of the oxide are not too large
(which is the case for a protective oxide layers) the depletion of water in these pores causes
a local increase of the carbon activity (due to the presence of CO) . As a consequence, the
environment is slightly carburizing in the pores and the behaviour of the protective layer can
be stable in the region Ill-b. According to Quadakkers, this region seems to be the safest.

In the region IV-a, chromium carbide is stable and a non-protective surface layer of chromium
carbides may be formed that allows internal carburisation of the material. However, at the

carbide/alloy interface, the carbon activity is lower than in the bulk gas and, since P02 > PSZ,

a chromium oxide film may be formed below the carbide surface layer. However, this oxide is
not very protective and cannot hinder further internal carburisation. Thus, this region is not
safe for the Ni-Cr materials.

In the region IV-b, carbon activity is high and carburisation may occur. If the porosity of the
carbide surface layer is not too large, an oxide layer may be formed below the carbide layer
due to a similar mechanism which have been described for the region llI-b (local decrease of

carbon activity to acs; and local increase of oxygen activity over PSZ). In this case, the
behaviour of the alloys are quite similar in regions IV-a and IV-b.

- In the region |, metallic chromium is stable, no protective layer can be formed and a strong
decarburisation will occur.

- In the region IlI, chromium oxide is stable, but the low carbon activity will result in alloy
decarburisation. Due to the gas evolution resulting from the decomposition of the carbides
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the protective character of the oxide layer cannot be maintained .

It is worth noticing that the material may exhibit safe behaviour only if the partial pressure of

*
carbon monoxide exceeds a critical value PCQ. Below this critical partial pressure no protective

layer can be formed and the alloys exhibits severe damages either by carburisation or by
oxidation and decarburisation. This corresponds to the "microclimate" reaction of Brenner . Below
the critical partial pressure of CO, chromium oxide and carbide cannot coexist. If oxide are stable
the decomposition of matrix carbide cause CO evolution which does not allow a compact oxide
film to be maintained . If oxide is not stable, the base metal is not protected and severe
carburisation or decarburisation occurs according to the carbon activity.

Oxygen and carbon activities

Quadakkers defines activities of oxygen and carbon in the helium gas as follows:
1. In the absence of methane

- the activity of oxygen (expressed as Po,) comes from the equilibrium of the reaction
O;+2H, > 2H,0(18).
2
Ph,0
p02=K18.(P:| ) (19)

2

- the activity of the carbon comes from the equilibrium of the reaction:

CO + H, <> C + H,0 ( 20)

Pco - P|_|2

PH,0

=K20. (21)

- the carbon activity ac can be written in the following form:

Pco _
=K. 4K (22)
. 20 \/Poz \/K 23 \/Poz

where Ka; is the equilibrium constant of the reaction:

2C+0, <>2CO (23)

Thus, in helium, Poz, a. and Pcp are not independent variables since they are bound by the
relation ( 22). In addition a thermodynamic calculation shows that between 800 and 950° C the
equilibrium partial pressures of CO, and CH,4 are negligible.

In the diagrams, the fact that Pg,, ac and P¢q are not independent variables implies that the point

corresponding to a helium atmosphere lies on a oblique line corresponding to the partial pressure
of CO in the environment.

2. In the presence of methane

If equilibrium would be reached, methane would completely decompose water according to the
reaction
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CHa + H,0 — CO + 3 H, (24)

and the remaining methane would lead to the carburisation reaction:
CHs — [C]+ 2 H,(25)
This would yield to theoretical carbon activity far over 1 (actually values of the order of 10° can be

calculated in some instances) which would lead to a strong carburisation potential with an
effective carbon activity of 1.

In this case, the oxygen partial pressure which can still be related to the carbon activity through
the relation ( 22) becomes (see the corresponding point on the diagram of the reaction):

1
Po, = ¢, (Pco)? (26)

In fact, the reactions leading to methane decomposition are relatively slow and a better estimation
of the carbon activity on the reacting surfaces can be obtained from kinetic arguments.

The border lines between region | and Il is estimated by the equilibrium between chromium and
its oxide. Its is established by the relation :

% Cr + H,0 & % Cr,0; + H, (27)

The free energy change is given by AG’=-RT In K, where K is the equilibrium constant for the
reaction. Thermodynamic database gives us the value of AGO for a temperature T.
K= —PHz__ (28
PH0.ac

So for a given chromium activity ac,, it is possible to established the ratio between Pyy0 and Pys.

The border line between region | and V is given by the reaction:

% Cr+Co % Cr;Cs (29)

We assume for this example that Cr;C; is the concerned form of chromium carbide. Then the
following relation allows to calculate the microclimate critical pressure (PCO*):

3Cr+CO o %Cgcn + :—13c:rzo3 (30)
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We can so calculate the stability diagram for several kinds of alloys defined by their chromium
activity for a given temperature. Nevertheless, when experimental data are unavailable, only
results for theoretical alloys (parametric ac) can be obtained.
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Figure Al-1

Stability diagram of chromium
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Appendix 2

Specificity of direct-cycle HTR - GT-MHR requirements
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Nominal operation conditions of the GT-MHR primary circuit are:
- Pressure 7,1 MPa
- Temperature 490°C at core inlet
850°C average at core outlet

Under normal operation conditions, the helium purification system (HPS) should maintain the
following levels of impurities in primary helium:

- H,O < 2vpm

- CO,+CO < 6 vpm

- H; < 5vpm

- N, < 25 vpm
The GT-MHR helium purification system (HPS) consists of two lines, with the equipment for
helium cleaning up from chemical and radioactive impurities, heat exchange equipment,

pipelines, valves, instrumentation sensors and means for purification blocks regeneration.

The equipment of one HPS line, with functions and temperature modes of operation, are given in
table A2-1.

Primary helium is taken to the HPS from a delivery plenum of the high pressure compressor.
Purified helium is returned to the low pressure compressor suction cavity.

Primary helium flow rate through the HPS is 0,5 kg/s. Radioactive impurities retention time (noble
gases and iodine) is 3 days for short-lived nuclides and 40 days for long-lived ones (Xe'®, I'*").

Helium flow through the filter for purification from long-lived radioactive substances is 10% of the
total flow through the HPS.
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Table A2-1

GT-MHR : main equipments of one HPS line

Equipment Funciion | Temperature
RET mide | -
|
I. Pipelines for helium Helium delivery to purification 1E*C
delivery [rom primary gyiiem *
circull compressaor
outlel and valves
2. Heater | Helium heating before 250-300"C
copper-oxide reactor
3. Copper-oxide Removal of H,, CO, CO, 250-300"C
reacias impurities
4. Recuperaior Henating of hellum renrmed A50-400°C
1o the primary cincuit
J. Heat exchanger Helivm emperanse from 350-400°C
decTeaze o 35°C
6. Cooler Halium cooling from 37T o LOMC®
7. Moistre separator Moisture removal 10°c
£, Coal adsorbers Activity supperssion of noble Compamment
grees and iodines short femperature
living |sownpes
9. Mechanical lifer Protection againg dum Comparmmend
iempeTature
10. Zeolive absorber (one is| Removal of CO; impurities Compammeni
operating and the other | and HO, is sieam** lemperamre
regenerated)
11 Mechanical filer Protection against dusi Comparment
1-.7.m.p|:'nh.m=
12 Coal absorber Actvity supperession of noble Comparsmeni
gases long-living |somopes lemperanire
13 Siarmup Provision of before smrup prim, | Compartment
compressort* ™ clreult purificatbon lemperacure
14 Fipelines for helium Helium delivery from puriflcaton | 300°C

retdrn by primacy circuil
compressor (nler and
valves

sysbem 1o 1he primary cincuil
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